HEMOGLOBIN
CATABOLISM. I tion against hydrogen peroxide generated by a n-amino acid oxidase-methionine system. Keilin and Hartree found that catalase in the erythrocyte does not prevent oxidation of hemoglobin to methemoglobin in the presence of hydrogen peroxide generated by the action of glucose oxidase on glucose but that the hemoglobin is protected from more extensive breakdown (7) . In addition, there is also a stroma factor which partially protects hemoglobin from oxidative breakdown (6) . A brief report of the effect of glutathionel on choleglobin formation in erythrocyte hemolysates at a pH of 8.5 to 9.0 has been presented previously (8) . The present study, which was carried out at a pH of 7.3, shows that GSH and some protein factor in the erythrocyte are very effective in protecting hemoglobin from the breakdown brought about by ascorbic acid. Evidence is presented which indicates that the ability of this protein factor to protect hemoglobin may be attributed to its activity as a glutathione peroxidase.
Lemberg has suggested that erythrocyte GSH enhances choleglobin formation (6) (which it does in the absence of erythrocyte enzymes).
The present work, however, shows that erythrocyte GSH has a role in hemoglobin catabolism entirely different from that previously assigned to it.
Methods
In experiments in which choleglobin formation was studied, the samples were incubated at 37" without shaking, in a Krebs-Ringer phosphate buffer, pH 7.3. The isotonic solutions of sodium azide, GSH, and ascorbic acid were prepared just before use. All the samples were made to the same final volume before incubation by adding the required amount of 0.15 M NaCl.
All spectrophotometric measurements were made with a model DU Beckman spectrophotometer.
Choleglobin was quantitatively determined in essentially the same manner as that described by previous workers (3), GSH determinations were made by the alloxan "305" procedure of Patterson and Lazarow (9) , and the sum of GSH and GSSG was determined by the alloxan "305" procedure after electrolytic reduction of GSSG to GSH (10, 11) . Catalase activity was determined by Feinstein's method (12) .
Crystalline rat oxyhemoglobin was prepared and recrystallized by a slight modification of the method of Heidelberger (13) . Products recrystallized more than once were used on several occasions, but no differences in results were noted.
Prior to use, the crystalline product was dissolved in phosphate buffer at a pH of 9.0 to 9.5, and the pH was then adjusted to 7.3.
Erythrocyte enzyme preparations were made from rat or cow blood by the acetone precipitation procedure of Adams and Smith (14) . The acetone precipitate was dissolved in water and centrifuged to remove insoluble material, and the supernatant solution was lyophilized. The dry product appeared to be stable indefinitely when stored in the cold. Solutions of this lyophilized material in 0.15 M NaCl were active for at least a month when stored at 4'. RESULTS 
ASD DISCUSSIOS
Efect of Glutathione and Aza'de on Choleglobin Formation--In order to study the effects of various chemicals upon the rate of choleglobin formation, it was necessary to choose experimental conditions which would lead
The effect of azide and GSH on the coupled oxidation of hemoglobin and ascorbic acid. In Fig. 1, A and B, the hemoglobin solution was an erythrocyte hemolysate, and in C a solution of crystalline hemoglobin was used. In addition to the hemoglobin solution in the Krebs-Ringer phosphate buffer, the samples contained reagents listed adjacent to each curve. The final concentrations of reagents in Fig.  1 , A were ascorbic acid (AA) and GSH, 8.0 X lo-' M; hemoglobin, 0.10 gm. per cent. In Fig. 1 , B and C, the concentrations were ascorbic acid and GSH, 4.0 X lo-' M; NaNa, 0.010 M; and hemoglobin, 0.10 gm. per cent.
to submaximal choleglobin formation. The effects of azide and GSH on the coupled oxidation of hemoglobin and ascorbic acid under these conditions are shown in Fig. 1 . The marked effect of the azide in increasing the formation of choleglobin in hemolysates during the early stages of the incubation period is shown in Fig. 1, B . This is probably due to inhibition by azide of the protective effect of catalase, since the catalase which is present in hemolysates would tend to inhibit choleglobin formation. Azide also leads ultimately to an increased choleglobin formation in solutions of crystalline hemoglobin (Fig. 1, C) .
The differences in choleglobin formation in erythrocyte hemolysates and solutions of crystalline hemoglobin in the presence of GSH are of greater significance. GSH in solutions of crystalline hemoglobin ( Fig. 1 , C) has no significant effect on choleglobin formation, whereas in hemolysates ( Fig. 1, A tion. This inhibiting effect of GSH is not due to the presence of catalase in hemolysates, since GSH inhibits the formation of choleglobin in the presence of azide, a catalase inhibitor.
Thus, some factor in the erythrocyte is acting in conjunction with GSH to prevent the oxidative breakdown of hemoglobin.
Protein Nature of Erythrocyte Factor-A non-hemoglobin protein fraction was prepared from erythrocytes and used in this series of studies. The effect of this erythrocyte enzyme preparation on the coupled oxidation of ascorbic acid and hemoglobin in the presence of azide and GSH is shown in Fig. 2 , Curve A. It will be noted that, as the amount of added protein mg. OF ENZYME PREPARATION PER ml.
FIQ. 2. The effect of the amount of erythrocyte enzyme preparation on choleglobin formation.
In this experiment all samples contained ascorbic acid (8.0 X IO-" M), GSH (8.0 X 10-' M), NaNa (0.010 M), and crystalline hemoglobin (0.10 gm. per cent) in addition to varying amounts of enzyme in 0.15 M NaCl.
The incubation period in each case was 90 minutes.
The enzyme in the samples for Curve B had been heated for 5 minutes in a boiling water bath before use. was increased, there was a corresponding increase in the inhibition of choleglobin formation until the oxidative opening of the hemoglobin ring became negligible. Fig. 2 , Curve B, shows that the active factor was inactivated by heat. 24 hours of dialysis of the erythrocyte enzyme preparation against 0.15 M NaCl had no appreciable effect upon its ability to inhibit choleglobin formation.
Altogether, this evidence indicates that the erythrocyte factor is a protein and presumably an enzyme.
Nature of Inhibition-Subsequent experiments were directed toward determining the nature of the inhibition brought about by the erythrocyte enzyme-GSH system. The possibility that this system was protecting the hemoglobin from oxidation by converting the choleglobin back to hemoglobin was first considered. This was disproved by determining the effect of GSH and the erythrocyte enzyme preparation on a choleglobin solution which had been dialyzed to remove ascorbic and dehydroascorbic acids. Samples containing GSH, enzyme, and dialyzed choleglobin solution were incubated at 37" in the usual manner.
Aliquots were removed periodically during a 3 hour incubation period and treated with carbon monoxide, sodium hydrosulfite, and sodium hydroxide.
Optical density readings at 570 rnp for the carboxyhemochrome band and at 627 rnp for the carboxycholehemochrome band showed that there was no conversion of choleglobin to hemoglobin.
This suggested that the inhibiting effect of the erythrocyte enzyme-GSH system on the choleglobin formation might be due to a destruction of the oxidizing agent before it could act on the tetrapyrrole ring of hemoglobin. Since, in the coupled oxidation of hemoglobin, ascorbic acid presumably acts by forming hydrogen peroxide, a series of studies on hemoglobin breakdown was carried out with the use of hydrogen peroxide instead of ascorbic acid. In this case the absorption bands above 600 rnp were not nearly as well defined as they were when ascorbic acid was used. This undoubtedly indicates that a mixture of hemoglobin oxidation products was present.
In Table I , the extent of oxidative breakdown in the various samples is indicated by the increase in optical density at 627 mp. The data show that the erythrocyte enzyme-GSH system was also effective in inhibiting the oxidation of hemoglobin by hydrogen peroxide. This is evident when the optical density readings at 627 rnp of Samples la and lb, which contained GSH and enzyme, are compared with the optical density readings of Sample lc, which contained GSH but no enzyme.
The reaction between hydrogen peroxide and hemoglobin was nearly complete in 10 minutes in contrast to the slow steady formation of choleglobin brought about by a corresponding amount of ascorbic acid. This explains why the inhibition of the oxidative action of hydrogen peroxide on hemoglobin by the erythrocyte enzyme-GSH system ranged from 25 to 50 per cent in contrast to the 100 per cent inhibition of choleglobin formation when ascorbic acid was used. When the order of addition of reagents was changed so that hydrogen peroxide, enzyme, and GSH were preincubated before the addition of hemoglobin, the oxidative breakdown of hemoglobin was completely prevented (Table I , Sample Za). Samples 2d and 2e are control samples which show that GSH, hydrogen peroxide, and enzyme must all be present during the preincubation period if hydrogen peroxide is to be destroyed.
Since, in this experiment, hydrogen peroxide had evidently been destroyed before the addition of the hemoglobin, it appears that the erythrocyte enzyme had a peroxidatic activity, with GSH serving as hydrogen donor.
This was confirmed in another experiment carried out with GSH, hydrogen peroxide, and the eryt,hrocyte enzyme preparation (Table II) .
This experiment showed that, in the presence of the erythro-HEMOGLOBIN CATABOLISM. I cyte enzyme (Sample la), GSH was rapidly oxidized by hydrogen peroxide, while in the absence of the erythrocyte enzyme (Sample lb) there was no oxidation of the GSH by hydrogen peroxide.
Since the sum of GSH and GSSG in Sample la after incubation is almost equal to the initial GSH value, it is evident that the product of the reaction is GSSG. In these experiments, it was necessary to add the chelating agent, ethylenediamine- tetraacetate, in order to keep the autoxidation of GSH at a low level. The above experiments indicate that the peroxidatic effect of the erythrocyte enzyme may be expressed by the following reaction:
H?On + 2GSH GSH peroxidase f 2HzO + GSSG Studies Comparing Catalase with Erythrocyte Enzyme-Since the erythrocyte enzyme preparation had considerable catalase activity, it was necessary to prove that the GSH peroxidase activity was not due to the catalase content of the preparation.
Recent studies with low concentrations of hydrogen peroxide have shown that, under certain conditions, catalase may have a peroxidatic rather than a catalatic function (15) . At a pH of 4.6 to 5.5, HN3 may serve as a hydrogen donor in the peroxidatic breakdown of hydrogen peroxide by catalase (16) . That ethanol will serve as a very effective hydrogen donor in this reaction was shown earlier by Keilin and Hartree (7) . In the presence of benzoate or salicylate, ascorbic acid and pyrogallol may also serve as hydrogen donors in the peroxidatic break- down of hydrogen peroxide catalyzed by catalase (17) . The data in Table  II (Sample 2a) show that in the presence of catalase, hydrogen peroxide, and azide there was no significant oxidation of GSH during the 10 minute incubation period. Under the same experimental conditions, the erythrocyte enzyme preparation (with an identical catalase activity) catalyzed the oxidation of 20 per cent of the GSH (Sample la).
Even in the absence of azide, catalase still did not catalyze the oxidation of GSH by hydrogen peroxide (Sample 2~). Under these experimental conditions, catalase did not bring about any oxidation of GSH by atmospheric oxygen (Sample 2d) even though it has been reported that catalase has some thiol oxidase activity (18) . HEMOGLOBIN 
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These experiments indicate that, even though the erythrocyte enzyme preparation has considerable catalase activity, its effect in catalyzing the oxidation of GSH by hydrogen peroxide is to be attributed to a distinct enzyme, a GSH peroxidase.
A comparison of the effects of catalase and the erythrocyte enzyme preparation on choleglobin formation is shown in Fig. 3 . These results clearly show that catalase does not protect hemoglobin from oxidative breakdown in the presence of GSH and azide or cyanide, whereas the erythrocyte enzyme preparation provides complete protection.
The protective effect of this enzyme preparation in the presence of azide or cyanide is due, therefore, to the GSH peroxidase activity rather than the catalase activity. Furthermore, catalase in the absence of azide or cyanide is not nearly as effective as the peroxidase-GSH system in protecting hemoglobin from oxidative breakdown.
Experiments described above suggest that the peroxidase-GSH system is of primary physiological importance in protecting the erythrocyte hemoglobin from oxidative breakdown.
Since the erythrocyte has a high GSH concentration and adequate mechanisms for maintaining the glut,athione in the reduced state (19, 20) , this peroxidase-GSH system provides an explanation for the remarkable stability of hemoglobin in the intact erythrocyte.
The author wishes to acknowledge the technical assistance of Miss Dolores Casimere and Miss Freddie Craven in the performance of these experiments.
SUMMARY
Evidence has been presented to show the presence in the erythrocyte of a heat-labile, non-dialyzable factor which acts with glutathione to protect the hemoglobin from oxidative breakdown.
Studies with hydrogen peroxide indicate that this enzyme catalyzes the oxidation of reduced glutathione by hydrogen peroxide, and thus may be termed a glutathione peroxidase. The glutathione peroxidase, which is not inhibited by cyanide or azide, has been found to be more effective than catalase in protecting the hemoglobin from the oxidative breakdown brought about by low concentrations of ascorbic acid.
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